Various neuroimaging studies had identified changes of cerebral activity and structures during the processes of sexual arousal. The identified brain regions were also believed to regulate emotional and cognitive processes. Yet, little was known about the neural mechanisms underlying psychogenic erectile dysfunction. Moreover, brain mechanisms mediating the processing of sexual arousal by these psychological processes were unclear. To investigate this issue, graph theory was applied to evaluate the topological properties of functional brain networks among 24 psychogenic erectile dysfunction patients and 26 healthy controls. Abnormal metrics and correlations with clinical characteristics were further analyzed. Our results showed that psychogenic erectile dysfunction had higher small-worldness and more modules. Furthermore, psychogenic erectile dysfunction showed altered path length and strength of the right superior frontal gyrus (dorsolateral), superior parietal gyrus, parahippocampal gyrus and left temporal pole (superior temporal gyrus), post-central gyrus, mainly located in the cognitive control and emotional regulation subnetworks. And the altered parameters of the small-worldness and right parahippocampal gyrus were related to the clinical characteristics of psychogenic erectile dysfunction. Together, our results suggested that psychogenic erectile dysfunction was associated with disruptions in the topological structure of functional brain subnetworks underlying the cognitive and emotional processes.
INTRODUCTION
Erectile dysfunction (ED) is the most common male sexual dysfunction and has a significant effect on quality of life (Shamloul & Ghanem, 2013; Capogrosso et al., 2016) . Psychogenic erectile dysfunction (pED) represents a classification of ED owing predominantly to psychological factors (Glina et al., 2014; Rajkumar, 2015) . Previous expert opinion supported that this classification of ED into organic/psychogenic was redundant. And the classification should be abandoned, in favor of organic/ non-organic or idiopathic ED (Jannini et al., 2010) . In addition, ED has been criticized as 'a failure to obtain or maintain an erection sufficient for sexual activity or a marked decrease in turgidity on 75% of sexual occasions and lasting for at least 6 months' in the light of the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5). The human brain has been found to play a crucial role in the successive processes of human sexual behavior (Cheng et al., 2015) . However, brain mechanisms controlling erectile processes remain poorly understood.
Functional magnetic resonance imaging (fMRI) can provide active information about brain regions associated with human cognition, emotion, and behavior (Cheng et al., 2015; Zhang et al., 2013) . In the last 10 years, fMRI techniques have been used to investigate the cerebral basis of human sexual arousal and have brought major advances in the neuroanatomical correlates of sexual arousal in healthy subjects and patients with sexual disorders (Karama et al., 2002; Zhu et al., 2010; Stoleru et al., 2012; Woodard et al., 2013) .
Numerous functional neuroimaging studies had shown that quite a few brain regions involved in normal male sexual arousal were evoked by sexual stimuli, including different widespread cortical and subcortical structures (Stoleru et al., 2012; Cheng et al., 2015) . Previous fMRI studies showed that pED had increased cerebral activity in the emotion-related regions (Cera et al., 2014; Liu et al., 2015) . In addition, structural neuroimaging studies also had shown that the pathophysiology of pED was associated with regional abnormalities involving the accumbens (Cera et al., 2012) , orbitofrontal, medial prefrontal, cingulate cortex, and insula that were correlated with male sexual functioning degradation (Zhang et al., 2014; Zhao et al., 2015) . These brain structures were believed to be involved in different stages of visually driven sexual arousal.
However, male sexual arousal had been conceived as a multidimensional experience, consisting of cognitive, emotional, and motivational components (Nobre, 2010; Carvalho & Nobre, 2011; Georgiadis & Kringelbach, 2012) . The brain networks, such as fronto-parietal, dorsal attention, default mode, salience, sensory motor, and visual networks, were related to the sensory, cognitive, emotional functions, and behavior (Mamah et al., 2013; Pessoa, 2014) . The abnormal cognitive and emotional components of the brain would also have an inhibitory effect on the process of sexual stimuli evaluation in the male sexual response (Cera et al., 2014; Liu et al., 2015) . The activations of these networks, such as fronto-parietal and dorsal attention network, might have an inhibitory effect on the male sexual response (Cheng et al., 2015) . The inhibitory processes of the brain, such as lateral orbitofrontal and dorsolateral prefrontal cortex, could increase the sexual inhibition (Cheng et al., 2015) . The sexual inhibition might be related to the aberrant appraisal of the sexual stimuli and was one of the most important features of pED. Problems with sexual functioning would result from the imbalance between sexual excitation and inhibition. Previous researches on the models of sexual arousal focused on the exploration of cognitive processes, in particular the role of attention (Janssen & Bancroft, 2007) . Fear of failure or sexual worries of pED, which distracted from attending to sexual stimulus, were believed to interfere with the psychological processes and genital response. And previous macrostructural study had shown that the nucleus accumbens and hypothalamus seemed to play an important role in the psychological processes of male sexual behavior (Cera et al., 2012) . Moreover, it might be plausible that the psychological component of sexual behavior played an important role in the inhibition of the sexual response in patients affected with pED.
In this study, we employed resting-state fMRI and graph theory analysis to further investigate pED-related disruptions in the brain networks. Alterations in the functional connectivity and structural deficits that related to the processes of male sexual arousal have been found, including the cognitive component of evaluating sexual stimuli, the attentive component of focusing the attention on sexual stimuli, and the emotional component of mediating the perception of sexual desire (Cheng et al., 2015) . We hypothesized that pED would show abnormal small-world attributes and modular structure and altered topology properties in the above subnetworks mediating the male sexual arousal.
MATERIALS AND METHODS

Subjects
Twenty-four pED patients and 26 age-and education-matched heterosexual men (healthy controls, HC) were recruited. All subjects were right-handed, and the age of all subjects ranged from 20 to 45 years. All patients were in a stable heterosexual relationship for at least 1 year.
The diagnosis of pED was conducted following criteria: (i) absence of organic ED; (ii) normal morning and nocturnal penile erection rated by the Nocturnal Penile Tumescence using RigiScan test (the tool of rigiscan used in our study was just confirmatory); (Jannini et al., 2009) (iii) all patients enrolled in this study underwent duplex doppler ultrasonography with PSV measurements before and after ICI of prostaglandin. Moreover, all patients were enrolled in this study after (i) a detailed history taking (including medical history, sexual history, and relevant drug history), (ii) basic laboratory tests, (iii) detailed psychophysical status evaluation including the level of depression rated by the 17-item Hamilton Rating Scale for Depression (HAMD-17) and the level of anxiety rated by the 14-item Hamilton Rating Scale for Anxiety , and (iv) sexual functioning assessed by the International Index of Erectile Function (IIEF).
Exclusion criteria were as follows: (i) serious psychiatric, neurological, cardiovascular, respiratory, gastrointestinal or renal diseases; (ii) urological surgery; (iii) organic brain disorder; (iv) drug or alcohol dependence; (v) use of any psychoactive medication and other medications that might affect sexual function during the previous 30 days; (vi) any contraindications to undergo an MRI scan. In addition, healthy participants were screened out if they had a history of erectile dysfunction.
We obtained written informed consents from all subjects. And this study was approved by the ethics committee of Nanjing Drum Tower Hospital. The demographic and clinical characteristics of the subjects in this study are shown in Table 1 .
Image acquisition and preprocessing
The fMRI dataset was acquired using 3.0 T Siemens Trio scanner (Siemens AG, Erlangen, Germany) with an eight-channel radio frequency coil. Each subject was placed in a birdcage head coil and fitted with foam padding to reduce the effects of head movement.
T1-weighted magnetization-prepared rapid-acquisition gradient-echo (MPRAGE) images were acquired with the following sequence parameters: repetition time (TR) = 1900 ms, echo time (TE) = 2.48 ms, slice thickness = 1 mm, number of slices = 176, flip angle (FA) = 9°, and field of view (FOV) = 250 9 250 mm 2 . The resting-state functional images were obtained using a gradient-echo echo-planar imaging (EPI) sequence: (Yao et al., 2014 ) TR = 3000 ms, TE = 40 ms, slice thickness = 4 mm, slice gap = 4 mm, number of slices = 32, FA = 90°, and FOV = 240 9 240 mm 2 .
Before preprocessing, the first six time points were discarded for magnetization equilibrium. The following processes were included (i) slice timing correction for intravolume acquisition time delay, (ii) rigid body correction for head motion correction, (iii) coregistration to the 3 9 393 mm 3 Montreal Neurological Institute (MNI) 152 template, (iv) linearly detrend, (v) filtering (0.01~0.08 Hz) to remove low-frequency drift and high-frequency physiological noise, and (vi) linear regression for the head motion, global signal, white matter signal, and cerebrospinal fluid signal (Yao et al., 2014) . Individuals with the head motions >2 mm or 2°were discarded from this study.
Brain network construction
The networks of all subjects in this study were constructed using GRETNA (http://www.nitrc.org/projects/gretna/) . First, the whole brain was parcellated into 90 regions and each was defined a node of the network (TzourioMazoyer et al., 2002) . Then, the mean time series were acquired for each region by averaging the time series of all voxels within the region. And the partial correlations of the mean time series between every possible pair of regions were computed to measure the functional connectivity among regions . The functional connectivity between nodes was considered as the edge of the network, yielding a 90 9 90 partial correlation matrix for each subject.
To investigate the properties of brain networks, we applied a range of threshold values to provide each graph with the same number of edges. Here, the range of threshold values was set from 0.20 to 0.4 at the interval of 0.01 in which (i) each network was fully connected with all of the nodes and (ii) the smallworldness >1 (Zhang et al., 2011) .
Brain network analysis
To characterize the topological organization of brain networks, both the network metrics (the small-worldness r and modularity Q) and nodal metrics (the clustering coefficient C i , shortest path length L i , strength S i ) were calculated .
Local nodal metrics
The clustering coefficient of a node (C i ) was defined as the ratio of the number of existing connections among the node's neighbors to the number of all their possible connections. It quantified the extent that the node's neighbors were connected with each other. The clustering coefficient of the network (C net ) Figure 1 Significant differences of the small-world properties. (A) significant between-group differences in r. (B) significant between-group differences in c. (C) and (D) showed no significant between-group differences in k, k auc and C net , C net auc . The columns and error bars corresponded to the mean values and their standard errors. * indicated significant differences between groups (two-sample t-test, p < 0.05).
was the average of C i over all nodes in the network and quantified the local cliquishness level of the network.
The shortest path length of a node (L i ) was the mean shortest path length between the node and other nodes in the network. It quantified the ability of parallel information propagation of the node with other nodes in the network. The path length was defined as the number of edges along the path connecting two nodes and was computed by the reciprocal of the edge weight (connectivity strength) between two nodes. The shortest path length of the network (L net ) was the average of L i over all nodes in the network and quantified the ability of parallel information propagation of the network.
The strength of connectivity of a node (S i ) was defined as the sum of the edge weight between the node and its neighbors. It was a measure to evaluate the connectivity strength between the node and its neighbors. The strength of the network (S net ) was the average of S i over all nodes in the network and quantified the average connectivity strength of the network.
Global network metrics
Small-world. The network would be considered to have smallworld properties if it had higher C net and similar L net compared with random networks, that was c = C net /C random > 1, k = L net /L random % 1, small-worldness r = c/k > 1, where c and k were the normalized clustering coefficient and shortest path length, r was the small-worldness, C random and L random were the clustering coefficient and shortest path length of 100 matched random networks (Watts & Strogatz, 1998) . The small-world properties would support the coexistence of segregation and integration of the network and support the efficient transfer of parallel information at a relatively low cost (Wang et al., 2009) .
Modularity. To define the modular decomposition and describe the modularity of the network, we used the algorithm proposed by Newman (Newman, 2016) . The modularity (Q) was a measure to quantify the difference between the number of intramodule connections of actual network and that of random network in which connections were linked at random (100 random networks used in this study) (Chen et al., 2011) . The module could be defined as the subset of tightly clustered nodes (subnetwork), in which the nodes were more densely connected to other nodes in the same module than to nodes in other modules, and connections were usually denser within modules than between different modules.
Statistical analysis
We compared the brain network metrics (r, c, k, C net , L net , S net , Q) at each threshold and the area under curves (r auc , c auc ,
between the two groups using a two-sample t-test. Moreover, nodal metrics (C i auc , L i auc , S i auc )
were also compared by a two-sample t-test. A significance threshold of p < 0.05 (uncorrected) was used for testing the brain network metrics. To address the problem of multiple comparisons in the nodal metrics, a false discovery rate FDR q of 0.05 multiple comparisons correction was performed. Moreover, the relationships between the altered metrics and the clinical characteristics of pED were performed by the Pearson correlation analysis.
RESULTS
Altered small-world properties
We found that the brain networks of both groups demonstrated a small-world organization over the whole range of threshold values (0.20~0.40) (r > 1) (Fig. 1A) . The clustering coefficients of the functional brain networks in pED and HC were greater than the random networks (c > 1) (Fig. 1B) , and the shortest path length was similar with the random networks (k % 1) (Fig. 1C) . Further comparisons revealed significant between-group differences in r over the range of threshold values (0.30~0.40) (Fig. 1A and Table S1 ) and significant between-group differences in c over the range of threshold values (0.34~0.40) (Fig. 1B and Table S2 ). However, pED showed no significant changes in k, C net over the whole range of threshold values and r auc , c auc , k auc , and C net auc compared with HC (Fig. 1D ).
Altered nodal shortest path length
There were no significant differences in L net over the whole range of threshold values and L net auc between the two groups (Fig. 2B ). Compared to HC, pED showed longer shortest path length in the right superior parietal gyrus (FDR corrected p = 0.04) and shorter shortest path length in the right superior frontal gyrus (dorsolateral) (uncorrected p = 0.02) and the left post-central gyrus (uncorrected p = 0.03) (Fig. 2A, C and Table S3 ).
Altered nodal strength
No significant between-group difference in S net was found over the whole range of threshold values, and there was no significant difference in S net auc between the two groups (Fig. 3B ). In addition, pED revealed decreased nodal strength in the right superior parietal gyrus (FDR corrected p = 0.02) and the left temporal pole (superior temporal gyrus) (uncorrected p = 0.04) and increased nodal strength in the right superior frontal gyrus (dorsolateral) (uncorrected p = 0.01), parahippocampal gyrus (uncorrected p = 0.049), and the left post-central gyrus compared with HC (uncorrected p = 0.03) (Fig. 3A, C and Table S4 ).
Altered modularity
At the whole range of threshold values, functional brain networks of both pED and HC exhibited typical features of modular structure (Fig. 4A ). There were no significant differences in Q over the whole range of threshold values and Q auc (Fig. 4A,B) .
Moreover, the brain networks of HC were decomposed into four basic modules, but five basic modules in pED ( Fig. 4C and Table S5 ).
Relationships between altered parameters and clinical characteristics Significant positive correlation between the strength of the right parahippocampal gyrus and the duration of illness was observed in pED (r = 0.46, uncorrected p = 0.02) (Fig. 5A) . Additionally, there were negative significant correlations between the small-worldness (r = -0.51, uncorrected p = 0.01) (Fig. 5C) , c (r = -0.47, uncorrected p = 0.02) (Fig. 5D) , the strength of the right parahippocampal gyrus (r = -0.43, uncorrected p = 0.03) (Fig. 5B) , and the first item score of IIEF-5 of pED. No correlations between the clinical characteristics and the total and other item scores of IIEF-5 were found in pED.
DISCUSSION
In this fMRI study, we investigated the topological properties of functional brain networks in pED. The main findings were as follows: (i) brain networks of pED exhibited small-world topology and modularity; (ii) higher small-worldness and more modules were found in pED; (iii) nodal metrics were profoundly affected at fronto-parietal network and prefronto-limbic circuit in pED, which might inhibit the process of sexual arousal; and (iv) the altered small-worldness and strength of right parahippocampal gyrus were related to the clinical characteristics. These significant findings provided new and important insights into the neural correlates of pED.
Our results demonstrated that brain networks of pED showed prominent small-world property and modularity, which were compatible with previous studies (Zhao et al., 2015) . Networks with small-world features ensured a higher efficiency of parallel information transfer at low cost (Watts & Strogatz, 1998; Wang et al., 2009) . Although both of pED and HC had economical small-world properties, the small-worldness and normalized clustering coefficient were higher in pED than HC over some range of threshold values. The clustering coefficient was the proportion of possible connections that actually existed between the nearest neighbors of a node (Watts & Strogatz, 1998) . And it measured the extent of local cliquishness or local efficiency of information transfer (Watts & Strogatz, 1998) . The higher clustering coefficient in pED suggested a disturbance in the organization and reduced global efficiency of information transfer of the brain network. And the altered small-worldness was related to erection function (the first item score of IIEF-5) of pED. Moreover, although the brain network of pED also exhibited typical features of modular structure, pED showed more modules compared with HC. Module 1, module 2, and module 3 were primarily involved in cognitive control and emotional regulation, and module 4 was mainly related to visual function (Ye et al., 2015) . Module 5 was primarily involved in subcortical regions and was only observed in pED. Additionally, although module 1, module 2, and module 3 were identified in the two groups, there were different brain regions in pED and HC. We found that the fronto-parietal network and prefronto-limbic circuit (module 1, module 2, and module 3) showed disruptions in pED. All these results suggested that there was a significant reorganization of the community structure in pED, and the abnormal fronto-parietal network and prefronto-limbic circuit might play an important role in the cognitive control of emotion regulation deficit of pED. The cognitive component refers the appraisal process through which stimuli are evaluated as a sexual incentive. The cognitive component also participates in the increased attention to the sexual stimuli. Meanwhile, the emotional component refers to the specific hedonic quality and specific bodily changes of sexual arousal. So, the abnormal cognitive and emotional processes which interfere with the psychological processes and genital response might account for the imbalance between sexual excitation and inhibition and in pED.
In addition to the above-mentioned network abnormalities in pED, we also observed nodal metrics changes. At the corrected threshold, increased path length and decreased strength were found in the right superior parietal gyrus in pED. Short path could ensure effective integrity and rapid transfers of information between distant brain regions (Wang et al., 2009) . The parietal lobes were believed to be involved in the attentional processes (Shomstein, 2012) . Moreover, the superior parietal gyrus played a vital role in maintaining cognitive interpretation of the sexual stimuli to achieve arousal (Cheng et al., 2015) . And the superior parietal gyrus was also involved in the attentional processes induced by visual stimuli (Shomstein, 2012) . The activation of superior parietal gyrus might associate with the cognition aspect of visual stimuli, such as attention process (Vossel et al., 2016) . Taken together, our results suggested that the deceased global efficiency of the right superior parietal gyrus in pED might be related to fronto-parietal network dysfunction involving information integration of cognitive functions (Mamah et al., 2013), which in turn could affect the cognitive and emotional components of sexual arousal (Motofei & Rowland, 2014) .
At the uncorrected threshold, decreased path length was found in the right superior frontal gyrus (dorsolateral) and left postcentral gyrus in pED. Increased strength was found in the right superior frontal gyrus (dorsolateral), parahippocampal gyrus, and the left post-central gyrus, and decreased strength was found in the left temporal pole (superior temporal gyrus). For healthy subjects, deactivation of the orbitofrontal cortex was found to play an important inhibitory role in the process of sexual arousal (Cheng et al., 2015) . Some frontal areas also showed deactivation during the viewing of sexual stimuli (Cheng et al., 2015) . Brain deactivations were necessary to release intrinsic inhibition of sexual arousal (Cera et al., 2014) . And the deactivations of frontal areas might suggest that the alleviated inhibition from frontal lobes allowed the emergence of sexual arousal (Cera et al., 2014) .
Moreover, the post-central gyrus also belonged to the frontoparietal network and had been implicated in the inhibitory processes of sexual arousal (Pessoa, 2014; Cheng et al., 2015) . Hippocampus and temporal pole (superior temporal gyrus) all belonged to the limbic system (Pruessner et al., 2008) . They played an important role in the regulation of basic drives related to survival and sex and were associated with the emotional significance of stimuli (Cheng et al., 2015) . And the strength of the right parahippocampal gyrus was related to the duration of illness and erection function of pED. Moreover, the pED patients showed higher HAMD and HAMA scores than HC. However, all the subjects did not reach depression or anxiety level. The differences in HAMD and HAMA total scores between two groups suggested that pED patients were more susceptible to depression and anxiety than HC. All the above results suggested that sexual arousal was a composite psychophysiological process related to the activation and deactivation of several brain areas in different subnetworks.
One issue needed to be further addressed when interpreting our results. We did not assess the blood sexual hormonal values at the inclusion. So, it was not easily possible to exclude concomitant organic factors which could impact on ED. This factor might influence the results. Moreover, the differences we found might be a consequence of the particular condition of the patients. Further study was required on a larger sample size to achieve a better understanding of the cause of pED. A sample of pED patients with normal blood sexual hormonal values should be included in future studies to improve statistical power.
CONCLUSION
In summary, this study investigated the topological organization of the brain networks in pED. We found that pED showed small-world topology and modularized structure. However, the small-worldness and modules of pED were higher compared with HC and the abnormal brain regions mainly implicated in the fronto-parietal network and prefronto-limbic circuit. The disturbance of the optimal topological organization was reflected by the decreasing transfers of information which implicated in processing the cognitive and emotional components of sexual arousal. Moreover, the altered small-worldness and strength of parahippocampal gyrus were correlated with the clinical characteristics of pED. Hence, the assessment of cognitive and emotional states of pED by the scales of depression and anxiety or by neuroimaging method was essential for andrologists or urologists. The impaired cognition and emotion might be biomarkers for clinical diagnosis and might help to develop new therapies for pED. Overall, these findings provided evidence for the disrupted organization in the subnetworks underlying the cognitive and emotional processes of sexual arousal in pED.
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